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ABSTRACT .,, 
·water channel flow visualization and hot-film anemometry studies have been 
conducted to investigate the fluid flow structure and mixing in the wake of a passive, 
surf ace-mounted, ramp-shaped vortex generator which is employed for enhancement of 
,; . . 
cross-stream mIXmg. 
'o 
Hydrogen bubble and dye visualization reveal that distinct hairpin-like vortices are 
shed from t~e tip of the device. The head and legs of these flow structures are clearly 
I 
observed using both methods of vis_ualization. These vortices are found to undergo 
successive amalgamation and coalescence downstream of the device, which aids in the 
'<I ' 
streamwise mixing and growth of the boµndary layer. A patr of large counter-rotating 
streamwise vortices are observ-ed to form in conjunction with .the hairpin vortices, yielding a 
common central up-flow region. These streamwise vortices induce near-wall fluid into the 
outer region of the boundary layer. 
Hydrogen bubble visualization measurements indicate that the angle of inclination, 
a, of the device yielding optimal normalized cross-stream penetration is approximately 15 ° -
30°; the cross-stream penetration is relatively insensitive to the device taper angle, /3, until 
it is decreased to ~ triangular-shape. Cross-stream penetration increases for higher 
approach flow velocities and remains essentially constant for both .laminar or turbulent 
. 
approach flows, regardless· of the thickness of the impinging boundary layer. A streamwise 
array ·of in-line devices proves to be the most effective arrangement for providing the 
greatest cross-stream penetration of disturbances . 
. 
Measurement of mean velocity profiles at several streamwise positions downstream 
of the device indicates that the flow rapidly develops a logarithmic shape, characteristic of a 
turbulent boundary layer. Turbulence intensities in the hairpin-like and streamwise vortex 
core regions are very high, on the order of 45% (normalized on local mean velocity). A 
decrease in displacement and momentum thickness downstream of the device indicates a 
1 
,. 
.. 
, .. :·· 
,. 
rapid mixing of flow mo~entum at relatively large distances from the device. ,, 
···~. 
Flat plate tests of. heatlransfer modification using a constant heat flux arrangement 
. 
r 
indicate a dCcrease in plate temperature when a single row of vortex generator devices are 
mounted upstream of. the plate. Local temperature decreases of roughly 1~ are obtained 
when.compared with an unmodified plate . 
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1. INTRODUCTION 
1.1 General 
Three-dime,nsional turbulent boundary layers are intrinsic in almost any real flow. 
The ability to understand the evolution and growth of a turbulent boundary layer requires 
insight into the three-dimensionality of the flow structures embedded in it. Engineers who 
•,, design aircraft want to understand turbulent boundary ·layers in order to control drag and. 
flow separation. Engineers designing internal combustion engines need to understand how 
and why combustion can be improved by enhancing turbulent mixing of the fuel/oxidizer 
mixture. Electronic equipm·ent designers need to understand how to enhance heat transfer 
by the augmentation of mixing in turbulent and non-turbulent flows. 
Recent developments have led t9 further understanding of turbulence. Rather than 
generalizations that turbulence is comprised of random fluctuations within the flow, there is 
now a much more intriguing view that turbulence consists of coherent" identifiable 
structures embedded in the time-mean boundary layer. One particular structure of 
turbulence is the hairpin vortex, which takes on many forms, but is basically formed by 
three-dimensional deformation of a vortex tube. Once this structure is recognized as an 
important structure in maintaining and generating turbulence, one can then imagine 
artificially generating a structure with similar characteristics to perform this function. Smith 
and Acarlar ( 1984, 1987a,b) suggest that hairpin vortices create similar flow patterns to 
those of a typical turbulent boundary layer. By analyzing, in detail, artificially generated 
hairpin vortex flow structures, they present a viable model suggesting the manifold presence 
of hairpin vortices as significant flow structures embedded within a turbulent boundary 
layer; this suggests that it may be feasible to generate such structures artificially, and thus 
potentially capitalizing on the dynamics of hairpin vortices for mixing enhancement. 
The present study was undertaken to examine the characteristics of a passive mixing 
device which is designed to generate coherent turbulent-like structures. These structures, 
' 3 
. 
, 
I • 
which exhibit characteristics similar· to those of hairpin vortices, can be used to intensify 
'. 
turbulence in· the boundary-layer region of a turbulent flow, or create turbulence in an 
. . 
' .. ~-.\';;_,~, otherwise laminar flow regime. The hairpin vortex-like structures so generat~d are · • 0 
~ 
' ,,_ 
, .. important, yet not isolated structures within turbulent boundary layers. Due Jo the 
l,l ·, 
geometry of the device, there are other structures generated in the form of large 
streamwise vortices and small-scale secondary vortices which provide important 
supplemental vehicles for mass and momentum transport. The amalgamation of these 
interacting structures produces a mixing process which is believed to be essentially the same ', 
as that which occurs due to boundary layer turbulence. 
· Throughlt the present study, emphasis is placed on the mechanism of generation 
and evolution of these turbulent-like structures, and how they can be introduced into a flow 
field to optimize the generation of turbulence and, ultimately, more mixing. This is in 
contrast to research activity in recent years which has focused on ways to reduce drag. By 
modifying turbulent boundary flow through changes in surf ace geometry (see Walsh 1983, 
Ba~cher and S·mith 1~, it is apparent that one can alter the breakup of near-wall 
structures, thus reducing drag by reductions i~ the mass and momentum exchange between 
the wall region flow and the outer region flow. Fluid suction has also been used to reduce 
drag by similar reductions of wall-region mom~ntum exchange. Suction basically works on ,, 
the principle of removing low momentum fluid near the bounding surf ace. The present 
! 
study examines how to remove the low-oi1lmen(um near-wall fluid by creating more mixing 
throughout the boundary layer through controlled generation of large and small-scale 
. 
structures, characteristic of high Reynolds number turbulent boundary layers. 
1.2 Experimental Background - '\. r;, ··y 
The majority of the literature reviewed in the area of fluid mixing relies heavily on 
\(:-,._ 
experimental approaches. An area of investigation where much progress has been made is 
the use of streamwise vorticity in the augmentation of fluid ·mixing and heat transfe·r. Early 
4 
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efforts were also made on the use o~ three-dimensional flow struct\ll'es to delay o, inhibit 
flow separation (see Stevens and Collins, 1955). Those investigations focused primar.ily on 
. . 
, 
the benefits of the mixing produced within the boundary layer; however tlie studies did not 
ascertain the physics of the flow behavior which produced enhanced mixing. The present 
investigation is directed towards understanding and characterizing how turbulent-like · 
structures can be generated, and illustrating their benefits for flow mixing applications. 
1.2.1 Fluid Mixing Devices ··, 
Various passive mixing devices have been developed and implemented to help 
increa·se mixing in otherwise non-uniform or separated flows. The majority of the work 
d_one on mixing device·s relies heavily on experimental evaluation because of the 
co~plicated processes and flow structures involved. The ability to control flow separation 
has long been a concern of airfoil designers. Since vortices produce enhanced mixing 
" 
between the near-wall region .and the external stream of a flow, vortex generation is a 
useful technique for keeping near-wall flow energized and thus delaying flow separation. 
Using this approach, fluid of higher momentum is swept inward, along helical paths, from 
the outer boundary layer region where it mixes with low-momentum fluid near the. wall. 
· The resultant mixing process is considered successful only if the energy dissipated in 
_generating the vortices is less than the energy recovered by eliminating the separation. The 
optimization process involved in the design of passive devices focuses on achieving a net 
reduction in dissipated energy. The use of passive devices is attractive nrttie sense that they 
require relatively little investment and maintenance, yet can of ten· produce very desirable 
effects. 
McCullough, Nitzberg, and Kelly (1951) and Stevens and Collins (1955) considered 
the use of wedges on an airfoil to reduce drag {see Figure 1.1). The wedges act as vortex 
generators to reduce drag and prevent flow separation; basically, well-defined tip ( or 
trailing) vortices shed from the sharp upper corners of·thewedge induce fluid from the 
5 
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.free-stream toward the wall. This component directed toward the wall helps to bring the 
higher momentum fluid from._the free stream into the near-wall region. · 
. 
'' Stevens and Collins also examined boundary layer ramps (see Figure 1.2) as flow 
sepa·ration reducers, finding that they produce a marked improvement over the wedges. 
With wedges, boundary layer separation occurred at an incidence angle, a=9.5°, whereas 
the use of. ramps delayed separation until a= 13 °. Above these a-values, leading edge 
separation occurred and neither ramps nor '!~dges could help alleviate the separation. The 
' 
--., 
most useful applicatfon of the ramps is for situations where stall occurs near the trailing 
edge of the wing. To be effective, the increase in device drag due to the presence of the 
. tJ 
ramps must be less than the resultant drag redu~Jion due to delay of flow separation. 
Every DC-9 aircraft is equipped with a patented vortex generating device called a 
' 
vortilon (vortex generating pylon). This device, shown in Figure 1.3, is used to eliminate 
early wing stall. According to Shevell (1986), the device mixes the boundary layer with the 
free stream and interrupts outboard flow of the boundary layer. These pylons were 
designed to have a negligible effect on drag, but a beneficial effect on lift. 
Similarly, the DC-10 aircraft has strakes mounted to the engine nacelles. According 
to Shevell, these devices are simply large vortex generators. The vortices mix nacelle 
boundary layer air with free-stream air and disperse the momentum loss in the wake. The 
vortices then pass just over th~ wing and continue the mixing process. The counter-rotating 
vortices produce downwash and again help to reduce premature stall. One of the end results 
of this improvement is a reduction in required takeoff and landing distances by about 6%. 
This is significant considering the rather simple idea of vortex generation. 
Lin and Howard (1989) examined a V-shaped device called a "Wheeler" vortex 
generator. The device is similar in shape to the Stevens and Collins wedges, but have 
curved side surf aces. They inse}ted the _device onto the floor of a wind tunnel test section in 
6 
• 
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-which the flow was separated. The device was found to reduce the reattachment distance of 
. 
-, the bou'1dary layer by 66% with minimal pressure penalties . 
. 
, I 
~ 
Passive vortex separation control can also be used effectively in diffusers. Goenka, 
Panton and Bogard (1989) examined the separation reduction effectiveness of a wedge-
sJiaped object ~nserted on. the angled expansion wall of a diffuser. The motivation of adding 
this device. is to generate streamwise vortices in order to inhibit or delay flow separation. 
The authors found that if they located the device completely in a region of normally 
separated flow, it did little to inhibit the .separation. If, however, a ~,ortion of the device 
protruded out of the separation region into the higher velocity outer flow, streamwise 
vortices were generated, which helped to bring the higher momentum fluid from the free-
stream into the very low-momentum separation region. This reduced in extent the separated 
regions that were present on the expansion wall without the wedges. 
Skebe, Paterson, and Barber (1988) have examined the use of "lobes'' to enhance 
fluid mixing for various applications such as in the mixer nozzles of a turbofan engine. The 
\ devices have a sinusoidal shape as shown in Figure 1.4. The device was tested with variou~ 
amplitude lobes, being termed low-penetration (LPM) or high-penetration models (HPM) 
-
. 
. } 
depending on the amplitude of the lobes. The authors found, through flow visualization, 
that large-scale counter-rotating streamwise vortices are generated at the trailing edge of 
the mixer lobes, with the vortex sizes varying in relationship to the amplitude of the mixer. 
Ahuja and Brown (1989) inserted a mechanical tab protrusion onto the lip of jet 
nozzle lip. This simple device helped to create enhanced mixing in the jet exit flow as 
evidenced by a flatter transverse velocity profile across the jet. They also found that the 
device helped to .reduce or even eliminate jet screech noise. 
1.2.2 Streamwise Vorticity 
A number of investigators have examined the fluid mixing effects of streamwise 
vortices embedded in turbulent boundary layers since they are a significant structure in 
\ 
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boundary layer turbulence (see Smith and Schwartz,- 1983, Ersoy and Walker, 1985). As was 
discussed earlier, the ability to generate streamwise vortices with vortex generators has 
~ 
proven to be effective in modifying the flow over an airfoil~ The potential heat transfer 
~ 
effects are also attractive.· By adding streamwise vorticity across a surf ace, Jhe f rec-stream 
fluid is swept downward towards the wall and helps to enhance heat transfer from (or to) 
the surf ace. 
Pauley and Eaton (1988) made a detailed examination of the fluid mixing effects of 
. various configurations of streamwise vortices embedded in a turbulent boundary layer .. They 
artificially generated each vortex using a half-delta-wing vortex generator which could be 
adjusted (via the angle of attack) to increase or decrease the vortex strength. They 
examined various qombinations of streamwise vortex pairs of equal and unequal strength, 
d,iff erent spanwise spacings, as well as' pairs with the common flow to or away from the 
wall. 
Their results for the pair with common up-flow indicated that there was strong 
vortex interaction between the pair of vortices which had the closest spanwise spacing. This 
interaction resulted in the vortices lifting each other away from the wall. When the initial 
spanwis~ spacing of the vortic~s was increased,_ they determined that these vortices decayed 
r . 
and were too weak to convect each other away from the wall. For these reasons they found 
that heat transfer augmentation was greatest for the largest vortex spacing since the 
structures stayed closer to the surf ace for a longer streamwise distance. 
1.2.3 Heat Transfer Enhancement Mixing Devices 
Passive heat transfer mixing devices have gained_ popularity in recent years because 
of the relatively small initial investment required, and the ease of installation and overhead 
to keep them in operation. With the ever-increasing packaging density of electronic 
products, more heat must be removed fro·m smaller areas. To do this, either increased air 
. l i 
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velocities must be introduced into the enclosure or expensive cooling devi~es such as . 
• 
thermoelectric coolers, water-cooled systems,· or air-con·ditioning units must be added which 
can result in maintenance ·and reliability problems. The penalties· paid w-ith increased air 
velocities are increased power consumption and increased acoustic noise. Using an 
alternative method, such as passive mixing devices, provides for increased heat.. transfer 
through more complete and. thorough mixing of the free-stream air with the heated air near 
' the surf ace of the electronic components or circuit boards. Since enhancement of turbulent 
flows can improve the local heat transfer coefficient, the ability to generate intense 
turbulence in a relatively short distance is of great· interest. 
Anderson and Moffat (1988) have examined devices called "scoops" which are 
intended to increase heat transfer from components on electronic circuit boards. Tests were 
performed with a str_eamwise row of heated components in an air channel. The devices were 
each equally heated and a mixing scoop w·as placed between the first and second row of 
components. The devices are essentially curved ramps which the authors suggest help to 
divert the heated air from upstream components away from subsequent downstream 
components. They found that at higher velocities there was about a 19% decrease in 
teqi per a tu re rise of the element just downstream of the sc~~ps. __ 
Many different turbulence promoters or "turbulators" have been developed in recent 
years which help to enhance heat transfer. Han, Park and Lei (1985) and Han, Glicksman 
and Rohsenow (1978) examined rib-roughened surf aces on turbine blades. They examined a 
range of rib geometries to determine the optimum rib height and width and found that the 
best configuration produced an increase in the ~usselt number by about 100%. Sparrow and 
• Tao (1983) similarly examined a "protuberance-enhanced" flow in a duct. They focused on 
the mass transfer enhancement in a unif or~P' heated flat rectangular duct with cylindrical 
-..._, 
rods placed transversely aJong· one of the principal walls. Qn the rodded wall they found an ) 
. 
. 
\ 
. 
increase in the Sherwood number of up to 140% and an increase on the other walls of up to 
/'' .1 ' 
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90%. With all of these modified su·rfaces, near-wall. turbulent structures are f or~ed which 
'' aid in "trading" boundary layer fluid for free-stream fluid. ,J" . 
1.3 VORTAB Mixer 
" The present study focuses on the fluid mixing effects of a patented device called a 
VORTAB9 flow conditioner developed by VORTAB Corporation. The device is shown in -
Figure 1.5 in an application for reducing flow non-uniformities in pipe flows. When . 
. 
metering devices are used in regions of non-uniform velocity, significant reading errors can ), 
., 
result. The basic operating principle of the device is to facilitate cross-stream mixing by 
generating an organized combination of hairpin-like and slreamwise vortices (see Smith, 
• 
I 
Greco and Hopper, 1989). The application of an ari'a)' ___ gV{.,ORTABS, shown in Figure 1.5, 
- t 
utilizes the counter-rotating streamwise vortices which promote rapid exchange of \ 
. 
momentum between the near-wall region and the free-stream, thereby producfg cross-
stream mean velocity uniformity. As will be illustrated later, the hairpin-like vortices 1 
contribute significantly to ~his mixing process. 
The significant advantage of the VORTAB device i"s the low pressure losses 
incurred. Utilizing a swirl-reducing device (also developed by VORTAB Corporation) in 
conjunction with the VOR TABS, the measured pressure losses are approximately 3 times 
lower than existing flow conditioners, and up to 7 ·times lower than tube bundle 
conditioners. 
The heat transfer effects of the VORTAB conditioner will also be examined. The 
' device is the same for either fluid mixing or heat transfer applications, but geometrical 
variations produce slightly different results for each practice. 
1.4 Current Work 
1.4.1 Motivation 
In light of the extensive work done by Smith et. al. (1989) on the fluid mixing 
results of the VORTAB conditioner, the present investigation \Vas undertaken to examine 
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the physical behavior of the flow structures formed by the devices, and how they affect flow 
behavior to implement elevated mixing. Various visual and experimental techniques are 
' 
. 
, 
used to examine individual VORTABS, as well as arrays of VORTABS, in order to better 
understand the advantages of these particular devices. 
Heat transfer effects are ~also examined to establish a qualitative ·understanding of 
the surf ace· heat transfer benefits of the devices .. 
1.4.2 Objective~ of the Current Study 
,The objectives of the current study are: 
I 
.. 
1. To examine the physical behavior of the flow behavior produced by the VORT.AB 
mixing tabs using detailed visualization techniques. 
-2. To demonstrate the effects of geometrical variations of the VORTABS on flow 
structure generation and induced mixing. 
3. To establish the advantages/disadvantages of using arr~ys of VORTABS. 
4. To determine the velocity and turbulence intensity profiles for the VORTAB 
mixing tabs an_~ compare with the observed flow behavior, as well as the comparable 
" properties of fully-developed turbulent boundary layers. 
5. To examine the impact of the near-~~)l Dl~i_ng enhancement of the VORTABS 
. 
on surf ace heat transfer. 
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Figure 1.1 Wedge-type vortex generators. 
) 
Figure 1.2 Ramp-type vortex generators. 
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Figure 1.3 "Vortilon" vortex generating pylon used on DC-9 aircraft. ~ 
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Figure 1.5 Vortab Corp. VORTABC8 flow conditioners mounted for pipe flow application .. 
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2. BXPERIMBN.TAL APPARATUS 
· 2.1 Water Channel 
Experiments were conducted in th~ Lehigh University f rec-surf ace plexiglas water 
channel. A diagram of the channel is shown in Figure 2.1. The tests were conducted in the 
straight section of the channel which is 5 ( Jong. The width of the channel is 0.9 ~ and the 
water depth was kept at approximately 0.33 m. The water is pumped through the channel by 
r· • 
a five horsepower split-casing centrifugal pump which is driven by a variable speed DC 
motor. Water enters the inlet tank through a distribution manifold which helps to establish 
a uniform spanwise flow distribution. The flow then passes through a 15 cm thick sponge to 
further establish a uniform flow and elilllinate any eddies or jets. The flow then passes 
l 1-
through a honeycomb flow straightener, two turbulence control screens, and a 2: 1 inlet 
contraction into the 5 m long working section. Free-stream \urbulence intensities near the 
beginning of the test section were measured to be approximately 0.6 percent at an operating 
velocity of 0.12 m/sec. 
The channel is equipped with a traversing overhead platform which is shown in 
Figures 2.1 and 2.3. The platform is used to mount cameras or hot-film probes (see Figures 
2.4 and~ 2. 7). The platform is driven by a one-horsepower Reliance Electric motor which 
;-/;t..J 
allows the platform to. be translated from 0.01 to 0.24 m/sec ~ either direction. This 
r~.i, 
( 
traversing capability allows the platform to b~ used to calibrate hot-film probes. 
A plexiglas plate, 1.27 cm thick with a 5:1 half-ellipse leading edge, was employed 
• 
as a·test surface for the majority of the visualization and anemometry experiments (see 
Figure 2.2). Three lengthwise supports are used to stiffen the plate and elevate it above the 
,, 
channel floor boundary layer or any disturoances emanating from the floor. The plate could 
be positioned anywhere within the 5 m working section. 
;.-· .. 
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l 2.2 Visuali~ation 
2.2.l_'.: Hydrogen Bubble Visualization 
. ' 
. 
• . Hydrogen bubble-visualization was used extensively to characferize the flow 
patterns generated by the mixing devices. This visµalization process uses an electrolysis , I 
reaction to produce a thin sheet of hydrogen bubbles in the flow which can be tra;~ed ' 
. 
. / 
through the flow. The process employs a 25 µm diameter platinum wire as the cathode and 
a 0.6 cm diameter carbon rod as the anode in an electrolytic circuit. The wire -is soldered to 
the legs ( or sttuts) of an insulated brass rod (see Figure 2.3) such that the wire is then the 
only exposed part at: the probe. The legs of the support are sufficiently far apart such that 
_ they do not interfere with the flow patterns being studied. 
A p_otential difference is induced between the cathode· and the anode,, whic1h causes 
r' hydrogen bubbles to form at the cathode ( oxygen bubbles of larger diameter are generated · 
at the anode). By pulsing the current density through the circuit, time lines of hydrogen 
bubbles are created. Although the available· pulsing power supply could provide any pulse 
frequency, a pulse frequency of 33.3 Hz was generally used for visualization studies _when 
taking video sequences. This f requeticy was synchronized with the video system. A system 
schematic of this equipment is shown in Figure 2.5. 
Sodium sulfate was added to the water in the channel.to provide a maxim·um _ 
number of free ions to facilitate the electrolysis process. The addition of the salt reduced 
the required current density to produce an appropriately dense -sheet of bubble time-lines.~\~, 
The disturbance thickness in the tab wake was measured using a hydrogen bubble . . . 
wire and an adjustable probe 'mount as s.hown in Figure 2.4. The mount could be translated 
or rotated with respect to the orthogonal x, y or z axes. The probe was first zeroed using a 
graduated scale in order to establish the height of the wire, Y wire· The probe was then raised 
' or lowered using a manual traverse to a point where the maximum height of the generated 
• 
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disturbances were observed to just pass through the bubble sheet. This was taken as the 
maximum extent of disturbances away from the surface, and t~us the edge of the tab wake . 
. 
, 
2.2.2 Dye Visualization 
Dye injection was used to obtain an overall view of the mixing effects of the 
VORTAB mixers. A brass ·tube was fastened to the underside of the plate as shown in 
Figure 2.6. The tube was positioned behind the leading edge of the plate such that it would 
not affect the stability of the. flow passing over the plate. A flexible hose connected to the ' ' J 
tube was run outside the channel to 'a hand-held syringe filled with ~ye. A finite volume of 
dy-e was injected int~- the flow ahead of the leading edge and video sequences were tak~n of· 
·· the resultant behavior of the dye. 
2.3 liigh-Speed Video System 
The video system used for the experiments was an INST AR high-speed video system 
from Video Logic Corporation. The system provides 120 frames per second with an 
effective shutter speed of 10 µs (strobe flash duration). The system is synchronized with a 
strobe light and the hydrogen bubble generator (see Figure· 2.5). The images were viewed 
. 
on a 250 horizontal raster line monitor. Tapes can be played back in real time, slow motion 
forward or reverse, as-well as still-frame sequencing. Photographs can then be taken of the 
video screen using a conventional ~5 mm camera. A detailed description of the video system 
" 
is described by S~ith ( 1982). 
As shown in Figure 2.3, the traversing platform provided a mounting arrangement 
for both plan and side-view camera.s. With the INST AR video system, both plan and side 
<" views could be viewed simultaneously on the. video monitor. Combined end and plan views 
could be taken as well. To accomplish this end-plan viewing, a mirror angled at 45° to the 
flow was located on the test plate approximately 70 cm downstream of the-hydrogen b~bble 
wire; the mirror was far enough downstream to negate any pressure gradient effects on the 
18 
-· 
. . 
• I 
' 
flow in the vicinity of the bubble wire. The end-view behavior of the flow was then viewed 
f 
using the side-view camera focused on th:t' angled mirror . 
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2.4 Hot-Film Anemometry 
Velocity characteristics were obtained using ·a DISA 55D01 constant ·temperature 
anemometer utilizing a DISA 55R15 hot-film probe and DISA ~H22 probe sllpport .. 
(Operation of the anemonieter unit is detailed in Appendix A.) The probe support was 
. . a 
mounted in a DISA 55E40 traversing mechanism, which was at~ac~ to the traversing 
' . ,,. 
channel platform (see Figure 2.7). The probe was connected to the anemometer main unit 
t ./ 
.,, 
with a 5 m long coaxial cable. The output of the anemometer was fed through a Data 
.Translation DT2818 12-bit analog-to-digital converter.!O a Zenith Mridel ZBF-2526-EK 
per~onal co.mputer. A schematic of the system is shown in Figure 2.8. 
A ·data acquisition program written in C language was resident on the PC to obtain 
and refine the data. The program allowed for on-screen viewing of the data as well as quick 
computation of mean velocities, turbulence intensities, third and fourth moments, etc., as 
well as spectnrl analysis. The raw data were transferred to floppy disks for future analysis. 
A detailed description of the_ operation of the data acquisition program is outlined in 
Appendix B. 
2.4.1 Calibration and Measurements 
Calibration of the hot-film probe was done prior to "each group, of data taken. This 
was done to account for temperature changes in the water and dirt deposits that form on ~ 
the probe (see Bradshaw, 1971). Utilizing the variable-speed motor drive for the traversing 
platform, the probe was towed, at selected velocities, through a quiescent.channel. Ten 
velocities ranging from Oto 0.24 m/sec were used to fit a voltage-velocity curve. A fourth-
order ~urve fit proved to be sufficient. A typical calibration Curve is shown in Figure 2.9. 
Data groups consisted of 2048 points taken at 0.015 sec. intervals. 
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2.5 Heat Transfer Test Apparatus 
Air-flow tests were conducted utilizing a non-uniformly heated flat plate. VORTAB 
. 
I 
mixers were placed at the start of the plate to facilitate enhanced mixing of. the air near the 
plate. The. test setup is shown in Figure 2.10. 
The ·plate was constructed of 0.157 cm thick aluminum, type 5052 (k = 137 W /m · K). 
Fftrsh-mounted studs were fastened to the underside of the plate so that the top side 
' remained smooth. Five Caddock Electronics MP820 "Kool Tab" resist~rs (27 0, ±1 % ) were 
mounted to the plate with the studs. These resistors are embedded in a T0-220 type 
electronics package and were used as heat sources. The ~ackage has ·a copper base which 
acts as a heat spreader for the resistor. The resistors were connected in parallel and 
powered with a Lambda Model LES-F-04-0V regu~ated DC power supply. The circuit 
schematic and plate dimensions are shown in Figures 2.11 an<! 2.12 respectively. 
.Type T (copper-constantan, 30 AWG) thermocouples were fastened to the plate 
using Omega Engineering Inc. 08-101 epoxy adhesive (k = 1.04 W /m · K). The 
:i, 
thermocouples were connected to a Fluke 2285B Data Logger equipped with its own A/D 
converter. This was attached to an AT&T PC 6300 WGS personal comput~r which was 
equipped with data ,acquisition software. The system diagram is shown in Figure 2.13. 
The air channel consisted of a 21.6 cm wide by 17 .8 cm high by 95.3 cm long 
rectangular duct (see Figure 2.10). The duct ~as constructed of transpa.rent polycarb~nate 
material mounted to a wood base. An ETRI 154-DA 15.2 cm diameter axial fan was . 
mounted at the exit of the duct to create a vacuum and draw air through the duct and 
across the plate. The fan was wired through a variable autotransformer which allowed the 
fan speed to be controlled from O to 3400 RPM. The plare was fastened to the wood base • 
and was insulated underneath using 5 cm thick fiberglass insulation to completely isolate 
the resistors and thermocouples. 
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Ktr velocity measurements were made with a TSI Model 8350 "Velocicalc" constant 
temperature hot-wire anemometer. The probe was inserted through holes at varioqs 
locations in the duct to establish local-velocity. A free-stream spanwise uniformity of ±8% i 
was measured across the channel at x=O of the plate. 
VORTAB mixers (described in section 2.6) were installed at the entrance to the .•. ...,... .. ,./ 
. 
plate as shown in Figure 2.10. The tabs were fabricated to different angles in order to 
characterize the effects of the inclination angle. 
~ The plate was heated to a steady state condition and local temperature readings 
• 
were taken. The VORTAB mixers were then positioned, the system was reheated to steady 
state at the same power input (approximately 5 minutes), and a .second set of readings were 
,I 
taken. Steady state. ~~1:t~i~}ons ~~re __ .~~-t~!~!~~g.~hen a change, in all local. temperature~s_of ~,. ....... ---..· :.-=<- + '·- ~ ·-·-· -- "*·-·---·-· ~- ..• __ ,._.. . 
' , 
the plate, of less than 1 ° C was observed in a one minute period . 
. 2.6 Mixing Devices 
The mixing devices, as shown in Figure 2.14, were fabricated from a flexible 
polycarbonate material.· This material is flexible enough so that it could be easily cut and 
formed ~Q11t.breaking. The material was transparent so that visualization could be doiie 
on and llroUnd the mixing tab itself. 
( 
A small portion of the tab near the base was extended along the test surf ace to 
allow the tab to be mounted on the test surface. This portion was fixed to the base of the 
water channel (and air channel) using a vinyl tape. The fl~w around this portion of the tab 
was viewed with hydrogen bubble visualization and found to have little or :110 effect on the 
approach flow field to the tab. 
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3. RBSULTS AND DISCUSSION:' 
3.1 Introduction 
. 
I 
The following chapter presents the results of the current research and a·, discussion 
of its significance to fluid mixing. The order of presentation of the results will be as·. 
follows. First, the process of formation of flow structures from a single tab will be 
discussed, supported with both· dye and hydrogen bubble visualization results. 
Measurements from hydrogen bubble visualization will then be presented, correlating 
geometric characteristics with flow structure development. Hot-film anemometry results 
will follow, illustrating the mean velocity, turbulence intensity, flatness, and skewness 
generated by the tabs; these profiles will be compared and contrasted with both typical 
turbulent boundary layer profiles and the behavior of hairpin vortex velocity profiles. 
Lastly, the effects of the tab-induced flow structure on surface heat transfer will be 
demonstrated. 
3.1.1 Specification of Geometrical Parameters 
Throughout this paper, both vertical and streamwise distances are referenced to the 
tab location in terms of the non-dimensional tab height, htab· Streamwise position of the tab 
is specified by XT, and is measured from the leading edge of the test plate to the base of 
the tab. Distances from the trailing edge, or tip, of the tab are specified as X; vertical 
distances from the wall are designated as Y. These and other tab geometric parameters are 
shown in Figure 3.1. 
n 
3.1.2 Interpretation of Tab-Induced Flow Structure 
Through the use of various visualization techniques, an array of relatively coherent 
structures are observed to be generated by the tab; these flow structures are shown in 
. 
Figufb 3.2. These figures are simplified schematics of the characteristic flow structures 
which are observed to f'orm with either an impinging laminar or turJ)u.lent boundary layer, 
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~)though the flow· structures are more coherent and more distinct with a laminar 'boundary 
. 
layer .. \ 
Figure 3.2 indicates that the tab generates a pair of counter-rotating vortices which 
coniinlli to c:ieVCtop with downstream distance. As the flow passes over the tab, a shear . 
layer develops on each side of the tab due to the pressure differential between the. outer 
and i~ner tab surface. This pressure difference is illustrated in Figure 3.3 with the-/. 
indicating a region of high pressure and the---;-~" indicating low .pressure. In the near-wall 
region of the boundary layer, fluid accelerates inward toward this low-pressure region. The 
. '· fluid passing over the upper surface of the tab migrates from the high pressure upper 
I ~ surf ace to the low pressure lower surf ace, wrapping around the edges of the tabs and 
initiating a spiraling motion. This spiraling motion develops on each side of the tab, · 
creating counter-rotating vortices which induce a common upward motion on the plane of 
symmetry of the tab (see Figure 3.2). This common upward flow on the symmetry plane 
transports near-wall fluid away from the wall. This is an important aspect of the flow since ' 
this movement helps facilitate removal of near-wall low-momentum fluid. In each of the 
counter-rotating (longitudinal) vortices there is a low-speed core region. According to 
Panton (1984) the core of each vortex is a finite area of dense vorticity. As will be shown 
later, this region possesses \ligh turbulence intensity as well. 
Hairpin-like vortices are also shed from the trailing edge of t~e tab as shown in 
Figure 3.2. These vortex tubes are comprised of a collection of vortex lines. The vortex tube 
is continuous' as shown by taking the divergence of the vorticity vector, w: 
V· ( VxV )-V·<a>-0 
where V is the vel~city vector. Therefore the vorticity is solenoidal and, the vortex lines can 
either extend to infinity, end in a closed loop, or as in this case, they extend to the wall 
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shear layers. Because the vortex tubes are contiguous, they will· stretch and deform, yet ·still . 
. 
· ··maintain rotati~n. As the vortices advect down~tream they enirain more and more fluid 
\__. 
from the free-stream. As will be shown in the next section, these hairpin vortices combine 
with other vortices in the streamwise direction to form larger structures. This increase in 
flow structure size is partly responsible for the increased penetration of the vortical fluid 
· into the f ree-strea.m. The hairpin-like vortices also interact with the counter-rotating · 
vortices to further enhance fluid transport. It appears that the common upward flow region 
of the counter-rotating vortices pumps fluid toward the hairpin-like vortices, which entrain 
the low-momentum fluid and carry it farther away from the surface region. As will be 
shown in the following section, the legs of this hairpin-like vortex also contribute to the 
overall mixing effects caused by the tab. Also to be discussed is how the hairpin-like 
vortices grow in the streamwise direction by scavenging low-momentum fluid by 
coalescence ·and amalgamation with like hairpin vortices. 
3.2 Visualization Results 
3.2.1 Hydrogen Bubble Visualizati~n 
The hydrogen bubble method of visualization was. extensively used to examine the 
characteristics of the flow behavior in the vicinity of a single tab. Plan, end, and side views 
using both horizontal and vertical wires were utilized. Tests were conducted in the water 
channel with the tab mounted on the test plate described in Section 2.1. The tab was 
mounted at XT=70.5 cm in the center of the plate. A laminar approach flow to the tab was 
used so that structures created by the tabs would not be confused with those occurring 
naturally in boundary layer turbulence. The free-stream velocity was U.=6.76 cm/sec, 
which gave a Reynolds number at the tab location of Re,= 1092; all of the sequences 
. 
presented utilize a single tab with a= 27 ° , ,8 = 10 ° , htab = 2.92 ~m, and Wtab = 6.35 cm. A 
diagram showing how the parameters X.ire and Ywirc are specified, is show~ in Figure 3.4. 
· 37 '-'.'1 
j 
;, 
. 'I 
A combination plan and side V·iew of the f}ow downstream of the tab is ~hown in ,:__,:_. 
Figure 3.5. The horizontal wire was positioned so that the hairpin-like vortices could be 
..._ 
clearly observed as they were being shed. As shown, the structures are quite coherent as ~ 
. 
. 
they shed from the tab-. It is important to note the behavior of the legs of the hairpin-like 
structure in the plan-view portion of the picture. The legs help to entrain free-stream flui<l 
into the wake of tab. As was shown earlier, the contiguous nature of the vortices requires 
that they be bounded to the vorticity sheet near the wall, which indicates that the legs 
extend to the surf ace. 
Acarlar and Smith (1984) used a hemisphere protuberance to synthetically generate 
a hairpin vortex. They determined that the legs of a hairpin vortex help to pump low-speed 
fluid that is inboard of the legs away from the surf ace, and help to bring fluid which is • 
outboard of the legs down towards the surface. They also verify that the head region of the 
vortex contains both spanwise and streamwise components of vorticity. A schematic 
/ 
showing the development of the type of vortices observed by Acarlar and Smith is shown in 
Figure 3.6. In the tab wake, the legs of the hairpin-like vortices that wrap around the 
counter-rotating vortices aid in inducing flow into the counter-rotating vortices. A 
schematic of this phenomenon is shown in Figure 3.7. The counter-rotating and hairpin-like 
vortices are· formed separately, but continuously interact as they move downstream. The 
counter-rotating vortices help to transport low-momentum near-wall fluid to the outer 
' 
region of the boundary layer. This low-momentum fluid, in turn, is entrained into the 
hairpin-like vortices. In contrast, the legs of the hairpin-like vortex also help to entrain 
free-stream fluid into the tab wake. 
Shown in Figure 3.8 is a dual plan and end-view photograph of the wake of the tab 
' 
' visualized with a horizontal hydrogen bubble wire. In Figure 3.8(a) the wire was positioned 
at X..irc=2htab, a distance downstream of the tab where the common upward motion is quite· 
_strong. In the end-view portion of the photograph, note the start of a bilateral curling 
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outward of the flui<l near the top of the tab (visi~le in background) in the end-view portion 
of the photograph. At the region near the top of the tab, some of the fluid will be ent~ained 
I into the rotation of the hairpin-like vortex or will continue to spiral in the longitudinal 
vortices. The "bright" region in the end view is an indication of low-velocity fluid. In Figure 
3.8(b), the wire is positioned farther away from the wall to show how the streamwise 
vortices actually entrain fluid from the f ree-streatn into their rotation. As ,seen in this 
photograph, there are two side-by-side bi:ight regions which are the low-speed longitudinal 
,...,---. ~ .. ·-.,'\ 
' -, 
_/ ' vortex core regions. Also vi·~ble in the pl~n view of.£igure 3.8( a) is_ the inward motion of 
-.., 
the bubble lines towards the center of the tab's wake. As mentioned before, the fluid 1 
accelera:fes toward this low-pressure region. 
Using the vertical wire hydrogen bubble probe shown in Figure 3.9, a series of side-
view visualizations of the flow structure were done. Figure 3.10 shows three side-view 
scenes, taken on the symmetry plane, that illustrate the stages in the growth of the tab wake 
in the streamwise direction. Figure 3.10( a) illustrates the heads of the hairpin-like 
structures beginning to coalesce. This amalgamation of fluid facilitates the growth in scales 
and vertical penetration of the tab wake. Perry and Chong (1982) suggest that wall 
turbulence is comprised of hierarchies of "young" and "old'' hairpins which interact with 
each other. They suggest that the hairpins pair with other adjacent hairpins as they 
translate in the streamwise direction, which facilitates streamwise growth of the boundary 
layer. In the present study it was observed that as the tab wake moves downstream, this ,, 
coalescence of vortex structures was clearly observed, and is evidenced by the growth of 
scales and vertical extent of the tab wake (Figures 3.lO(a) and (b)), similar to the Perry and 
Chong model. It is obvious that in Figure 3.10( cl that the flow has lost most of the 
observable "coherence" seen in Figure 3.lO(a) and appears quite turbulent. 
The coherence displayed in Figure 3.lO(a) is similar to structures found in boundary 
layer turbulence. Acarlar and Smith (1984) compared the flow patterns generated by a 
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·- ... hairpin vortex with those observed in the near-wall region of a turbulent boundary layer. A 
hairpin vortex generated by a hemisphere protuberance is shown-~ Figure 3.ll(a). This was 
. 
I 
visualized with a vertical wire, 20 radii downstream of the hemisphere. A strikingly similar 
' 
photograph within a turbulent boundary layer is shown in Figure 3.ll(b). Based on 
numerous comparisons like Figure 3.11, Acarlar and Smith suggest that the hairpin vortex is 
a fundamental flow structure of turbulent boundary layers. 
From the sequences shown in Figure 3.10, it is apparent that the vortical structures 
generated by the tab have distinct similarities to tho&e of a hairpin vortex, in both their 
initial and more developed states. Since it has been shown that hairpin vortices are 
significant flow structures of boundary layer turbulence, it is apparent that the tabs actually 
are producing a coherent emulation of turbulence. 
3.2.2 Dye Visualization Results 
Dye visualization was employed to examine the overall mixing effects of the tabs. A 
finite volume of dye was injected into the laminar flow at the leading edge of the plate as 
described in section 2.2. The dye was then fallowed through the turbulent wake of the tab 
as shown in Figure 3.12. The camera was fixed in one position during the filming, but was 
'\. pointed slightly downstream for the last sequence (Figure·1.12(e)). 
As shown in Figure 3.12(a), an initially undisturbed volume of dye approaches the 
tab at a velocity of 6.0 cm/sec. In Figure 3.12(b) the fluid begins to break up and is pulled 
towards the wall. This can be attributed to the helical motion of the streamwise vortices as 
well as the lower pressure region that exists near the wall. In Figure 3.12(c), formation of 
the hairpin-like vortices can be seen. As the dye enters these structures, more and more 
free-stream (uncolored) fluid is entrained. The hairpin-like vortices developed at the tip of 
-· the tab (see Figure 3.2) act as a "transporter" and help to disperse the near-wall fluid, which 
is swept upwards by the common upward motion of the large streamwise vortices, into the 
free-stream. This mixing process is evidenced in Figures 3.12(d) and (e) by the break-up of 
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the near-wall dye and its dispersion to the outer region of the wake creating ·a somewhat 
uniform "cloud" of fluid. This dissipation of_ the dye is also due the spiraling motion of the . 
I 
longitudinal vortices which aids in displacing the near-wall fluid with higher-momentum, 
higher-velocity f rec-stream fluid. This~exemplifies that the flow is rapidly mixing in a 
turbulent-like manner. For cross-stream mixing applications, this exchange of free-stream 
. 
.~
 
and near-wall fluid is highly desirable in order to obtain a more uniform flow. ji·. . ) 
\ 
i 
/ 3.3 Boundary Layer Growth 
The maximum disturbance height iQ the wake of a single tab or gro11.p of tabs has 
been examined to determine how the effects of tab dimensions, tab, orientation, and 
approach velocity reduce or increase the vertical ispreading of the tab wake. This thickness 
is felt to directly reflect the degree of cross-stream mixing since it is a measur·e of the 
penetration of the generated flow structures across the flow. The vertical penetration of 
these flow structures is related to both the Reynolds stresses and, hence, the intensity of 
the turbulence, and most importantly the transport of fluid away from the surface which is 
the essence of cross-stream mixing. 
Tlie cross-stream penetration of the flow structures was established using the 
arrangement described previously in section 2.2. A horizontal, cross-stream bubble wire was 
positioned at a fixed location downstream of the tab. The probe was then raised or lowered 
to establish the point where the maximum disturbance height of the generated flow 
structures just encroached on the bubble sheet (see Figure 3.13). These heights were then 
recorded and the probe was moved accordingly in the streamwise direction. 
For the experiments done to examine the effects of the angle of inclination and 
taper angle, the tabs were positioned in the center of the channel floor at a distance 
. 
. 
between 20 and 30 cm from the start of the 5 m straight working section. This was done in 
order to not interfere with other test equipment in the channel. The remainder of the tests 
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were done with the tab(s) mounted on an elevated flat plate (see section 2.2). The results 
· presented below represent the relative effects of varying specific parameters . 
. 
, 
3.3.1 Single Tab: Geometric Effects 
A single tab in laminar flow was first examined to determine the effects of 
variations in specific geometric paramet(!rs. These results were used to gain an 
understanding of the physics of the flow behavior as well as to establish the optimum tab 
geometry for enhanced mixing. The geometric parameters examined in this section are 
illustrated in Figure 3.1. 
3.3. la Angle of Inclination 
' The effect of the angle of inclination, a, ( or angle of attack) was examined first. As 
• shown in Figure 3.14, four different a-values were examined for a single tab with f3 = 10 °, 
-
~ab= 6.35 cm, and wtab = 6.35 cm, with the tab height, ~ab varied. The Reynolds number based 
on the boundary layer thickness at the base of the tab was Re, =612 (6~1.0 cm). 
When the disturbance height is normalized on the tab height, htab, the maximum 
penetration of the structure occurs at lower angles. Since the tabs at larger angles create a 
large region of separation in the wake, the formation of the counter-rotating vortices is 
impaired. Since the hairpin-like vortices rely on the common upward flow of _the 
longitudinal vortices to supply them with near-wall fluid, the streamwise growth of the 
boundary layer is delayed. Because of this delay, the coalescence of structures in the 
streamwise direction is lessened by the reduction of fluid entrained into the hairpin ,. 
vortices. 
From the data presented, it is apparent that the optimum configuration would be at 
lower angles. When normalized on the tab height, the a =27° case produces penetration 
comparable to the a= 15° case. Between a= 15° and a =27° there is evidently no · 
obstruction ( or enhancement) of the generation of the longit1:1dinal or hairpin-like vortices 
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' This indicates that no penalty is paid for increasing the angle between a= 15° · and 21·~. But 
·_as the angles increase above these values, the (normalized) penetration effect of the tabs 
I 
• 
decreases and form drag plays an important role in determining the effectiveness of the 
devices. 
3.3.lb Tab Geometry 
/ 
/ 
Various tab geometries were systematically examined{o determine the effect of 
taper angle, /3, tab length, ltab, and tab width, wtab on mixing effectiveness. All tests were 
conducted with an initially laminar approach flow. Again, maximum disturbance height was 
used to indicate the level of cross-stream penetration of the flow structure. 
The tabs were placed near the start of the straight working section of the channel 
floor and examined for a Reynolds number of Re6 =612 (c5~1.0 cm). Figure 3.15 shows the 
results for six different taper angles. It is apparent that there is a significant reduction in 
disturbance height when the taper angle is increased to a triangular shape. For the 
triangular configuration (/3 = 27 ° ), the disturbance height has decreased by nearly 1 tab 
height from the rectangular tab (,8 =0° ). For taper angles less than 17° (including a tab with 
a 10 ° flare) the flow penetration characteristics were almost identical. 
The results of Figure 3.15 indicate the rather significant importance of the 
formation of hairpin structures. Observations suggest that the trailing edge of the tab needs 
to be sufficiently wide in order to form a transverse shear layer off the tab tip anctfience a 
source of transverse vorticity from which the portion of the vortex tube comprising the head 
of the hairpi~-like vortex forms. With a triangular shape, only streamwise vortices are 
formed, and the hairpin structure essentially disappears. As was discussed earlier, Stevens 
t 
and Collins (1955) examined essentially the same triangular type of tab with their boundary 
layer ramps which were intended to generate streamwise vortices. They had reasonable 
43 
J 
. 
' 
success with the ramps, but could probably have gained more momentum exchange in the 
boundary layer by using a ram·p with a non-pointed tip, with a small increase in pressure 
drag. It is interesting to note here that the surf ace area of the tab is less for the larger 
taper angles, but the best penetration results were obtained with smaller taper angles 
(larger tab area). Therefore an increase in tab area will likely produce increased form 
(pressure) drag, but will also increase the degree of c·ross~stream penetration by the wake 
of the tab. 
Tab Len&th: 
Five different lengths, ltab, were tested for a constant tab height, htab, base tab width, 
wtab, and tab tip width, ttab (see Figure 3.16). These tests were performed on the test plate 
described in section 2.1 and were placed at XT= 56 cm from the leading edge, at a Reynolds 
number of Re,= 1184 (o::::!1.2 cm). As shown in Figure 3.17 there is essentially no difference 
between the performance of the different tabs tested. There is, however, a slight 
improvement with the tab designated as Tab lF (see Figure 3.16). This shorter tab utilizes a 
steeper angle of inclination (a= 50·) and does show a somewhat higher penetration 
throughout the distance studied. 
The length of the separation region referenced from the tab tip, determined as the 
extent of the backflow, X1 , in the wake of the tab, was established for Tab 1A and Tab lF 
as: 
Tab lA: X,=7.4 cm=2.5htab 
Tab lF: X, = 10.9 cm== 3. 7htab 
These values indicate that the separation region from the tip of the tab is greater 
for the tab with the higher angle of attack which is indicative of higher drag and flow 
losses. Since the cross-sectional area that the approaching flow sees is the same for each 
/ 
tab, the tab with the higher angle of attac~ is more abrupt and should result in a more 
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severe pressure drag. The increase in the disturbance height is only about 10%, but the 
increase in the separation region is nea~ly 32%. 
Tab Width: 
The same setup was used a~the previous test with Re,=1122 (6e:1.2 cm). Three 
different tab widths were examined with all the untapered tabs having the_ same angle a. 
Figure 3.18(a) shows the disturbance height normalized on the tab height, htab· The results 
suggest that the disturbance height increases as the tab width is increased. This can be 
:.~ 
somewhat misleading since the pressure drag is also increasing. In order to better quantify 
• ,!,,. 
the width characteristics, the disturbance height is also normalized on the tab width, wtab· 
This was done to correlate the benefit of the tab with the penalty paid by increasing the 
area of the tab. This is shown in Figure 3.18(b). It is observed that the disturbance height is 
now seen to decrease for increasing tab width. 
The increasing penetration for the wider tabs can be attributed to the formation of 
the hairpin-like structure. As was shown earlier in Acarlar and Smith's work, the vortex 
0 
tube (hairpin) is comprised of three basic sections: the tip, the head, and the legs (see 
Figure 3.6). Because the wider tab will produce an initially wider ( spanwise) vortex tube, 
the tip and head will be wider as well. This tends to suggest that as the structure advects 
downstream and deforms, the tip-portion of the hairpin will cause a more rapid entrainment 
of fluid, resulting in a faster growth of the tab wake as it moves downstream. Head and 
'i ~ Bandyopadhyay (1981) suggest that the rotational outer region of turbulent boundary layers 
entrain free-stream fluid. Their work indicates that this outer region is comprised of 
• vortical structures, similar to what has been observed in this study. Smith (1978) has 
observed a similar entrainment process taking place in the same outer region of a turbulent 
boundary layer. 
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The benefits of higher penetration are however, negated by the increase inform 
drag associated with larger tabs. Since the spanwise length of the separation region of the 
· tab wake will increase, the pressure drag will also increase. 
Overall Tab Size: 
Three tabs of similar shape were mounted on the test plate with Re,':_ 1184 (6:::cl.2 
cm). The angle of attack, a, and the taper angle, /3, were kept the same and only the tab 
length, 111b and the width, w11b wete,,2aried proportionately with the tab height. Figure 3.19 
shows results for the three configurations. It can be seen that for, htab = 2.92 and 5.84 cm the 
normalized disturbance heights are essentially the same. The smaller tab does, however, 
generate a slightly higher normalized disturbance height. This may be a result of the 
relative thickness of the impinging boundary layer to the tab size, since for ~ab= 1.47 cm, 
0 /h11b= = 0.8. It may be that there are slightly different processes taking place with a larger 
approach boundary layer to tab size ratio. Generally, it appears that the penetration effect 
scales with the tab size. 
3.3. lc Velocity Effects 
. Three different flow velocities were used to examine the effect of Reynolds number 
. . 
on wake penetration. Maximum disturbance heights, in the wake of the tab, for three 
different Reynolds numbers are shown in Figure 3.20. It is interesting to note that the 
disturbance heights are actually increasing with flow velocity (Reynolds number). This 
increase in disturbance thickness with approach velocity is contrary to the behavior of 
turbulent boundary layer thickness, which is obtained from the momentµm integral equation 
and is defined by: 
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where Rex=U.x/v. 
It is obvious from this equation that at a fixed location the boundary layer will be thinner 
with higher free-stream velocities. 
The increased growth at higher Reynolds numbers could be attributed ~o the fact 
that a higher shear is present throughout the boundary layer. These regions of increased 
shear form a complicated assemblage of structures that generate subsequent vortical 
structures. These structures interact with the longitudinal and hairpin-like vortices and aid 
in the removal of low-momentum near-wall fluid. 
3.3.2 Multiple Tab Boundary Layer Growth 
Several combinations of two or more tabs were examined to understand the 
interaction effects associated with an array of devices. All configurations used tabs mounted 
on the flat plate test section with a Reynolds number (at the first tab) of Re,= 1184 (cS~l.2 
cm). 
3.3.2a Multiple Spanwise Tabs 
Two tabs were used to investigate the cross-stream penetration associated with 
spanwise position. The configuration and the results are shown in Figure 3.21, with the 
spanwise spacing designated as liz. The hydrogen bubble wire used for measuring the 
maximum disturbance height was 20 cm wide which was sufficient to cover the spanwise 
extent of the wake of- both tabs. The generated· bubble sheet was viewed across the span and 
the maximum disturbance height was measured and recorded at a series of streamwise 
locations. As shown in Figure 3.21 three spanwise spacings were tested. The results indicate 
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a modest increase in disturbance height of about 3% for the !1z=0.08wtab c~se versus the 
~z = 0.80wtab spacing . 
From the results presented above for varying tab widths, it is apparent that there is 
a only a slight improvement with greater tab widths. The configuration for !1z=0.08wtab is 
essentially similar to one tab of large width. This two-tab configuration will generate two 
side-by-side structures in a relatively small spanwise distance, but there is extra form drag 
I;. associated with more tabs closely spaced together. Evidently the structures generated by 
one tab are· interacting with the adjacent tab's structures and coalesce to produce a slightly 
greater cross-stream penetration. For a cross-stream mixing application, such as in a pipe, it 
is doubtful that this slightly higher cross-stream penetration is warranted by the increased 
drag. 
As shown in Figure 3.22, two parallel tabs generate two pair of counter-rotating 
vortices which, if the tabs are close enough, induce a strong downward component of cross-
stream motion. In the case where .1z = 0.08w tab, the two tabs are essentially acting as one 
large tab. It was shown earlier for tabs with a large width, wtab, that the disturbance height 
increases, but the effect of a larger tab area must be accounted for. For the present case, 
the closely spaced tabs are only marginally more effective than the ~z=0.40wtab and 0.80w1ab 
cases; however, if used in a pipe flow application, for instance, the placement of more tabs, 
more closely spaced, around the circumference would incur a more significant pressure 
drop in the flow. For the .1z = 0.40wtab case, the streamwise growth of the structures follows 
the growth of the other configurations very closely, but begins to level off at about 17htab· 
For this case, suggested by Figure 3.22, the adjacent pair of vortices would strongly interact 
yielding a stronger common downward motion. It is hypothesized that as the "inner" vortices 
interact more strongly, the downward motion impairs outward vertical penetration. For the 
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~z=0.80wtab case the penetration is improved. As will be shown in the hot-film anemometry 
results, the structures eventually f!lerge to form homogeneous turbulence. 
3.3.2b Multiple Streamwi• Tabs 
I A combination of two in-line tabs were placed in a laminar flow to examine the 
. "reinforcing" effects of a second tab in series. As shown in Figure 3.23, the tabs are spaced 
t 
/ 
a distance M. apart. The streamwise distance for the test was measured from the tip of' the 
first tab to the base of the second. Four different streamwise distances were examined and 
are specified in terms of the tab height, htab· -----') 
__ ) 
Figure 3.23 indicates that there is similarity in the observed behavior for all 
spacings. There are no apparent variances in the graph where the second tab is located in 
the flow. The figure does suggest that the additional tab increases the pen~tration distance 
by a bout 11 % for the ~ = 4.3htab case. The results for !ix= 15.0~ab and lll. = 1. 7htab exhibit 
very little difference however. This suggest that cross-stream penetration does not increase 
proportionately with more closely-spaced tabs. 
In an application for fluid mixing, the above results indicate an apparent 
•. 
improvements in enhanced cross-stream mixing using multiple streamwise tabs. Again, the 
pressure drag effects would come into consideration and would have to be investigated 
closely if multiple tabs are to be used . 
. ,. 3.3.2c Spanwise and Streamwise Combinations 
Spanwise and streamwise combinations gt. tabs were studied to understand the 
collective interaction of the tabs on a larger scope. As shown in Figure 3.24, three different 
configurations were tested - two staggered and one in-line. The results for these 
. 
configu-rations· are shown in Figure 3.25. The two in-line streamwise tab data are from the 
' 
previous results shown in Figure 3.23. 
It is evident from Figure 3.25 that the spanwise arrangements cause a reduction in 
penetration of fluid from the wake regions wh~n compared to the in-line case. The results 
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for Configuration "A" and "B" agree very closely. The upstream tab in Configuration·• A" is 
possibly acting to impede the upward motion of the downstream vortex pairs. There is 
probably a canceling effect taking place which is not necessarily causing a reduction in 
• 
penetration, but is not adding upward motion to the flow. For cross-stream mixing 
applications, outward penetration is desirable. Configuration "B" is producing two pair of 
vortices, as discussed previously, which approach a single-downstream tab. Since the area 
between the tabs is a downflow region, the center of the downstream tab is subjected to a 
downwash region. This is also supported by the downward motion of the dye in Figure 
3.12(b). Again, this cancellation effect does not reduce the outward penetration of the 
boundary layer, but it does not appear to increase the penetration either, when compared to 
the in-line tab arrangement. Apparently, Configurations "A" and "B" both create a degree of 
disorganization in the flow approaching the downstream tab(s) which inhibits the further 
amplification of mixing. 
The present results indicate the greater effectiveness of an in-li~e streamwise tab 
arrangement. It appears that the velocity pattern produced by the initial tab is enhanced by 
the subsequent streamwise tabs. The orderly formation of structures is obviously of 
importance. The devices are not merely "boundary layer tripping" devices but appear· to 
produce an orderly assemblage of structures, which requires the proper orientation of the 
tabs in order to be optimally effective. 
3.3.3 Turbulent Approach Flow to Tabs 
To examine the effect of the approach boundary layer has on tab penetration 
behavior, a single tab was examined under otherwise identical conditions (including f rec-
stream velocity) in both an initially laminar and an initially turbulent approach flow. For 
the turbulent case, the boundary layer was tripped 167 cm upstream of the tab with a 0.65 
cm diameter rod located on the surf ace of the channel floor. The approaching turbulent 
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boundary layer was larger than the height of the tab ( & fh1 • .,~2.6; R·e, = 740). As shown in 
Figure 3.26, the results indicate essentially no difference in penetration betwe~n the 
. 
' laminar and turbulent case. This suggests that the tabs still generate the same basic 
structures, regardless of the structures impinging upon them. The figu.re also suggests that 
cross-stream penetration in the wake of the tab exceeds the outer edge of the impinging 
turbulent boundary layer after X =2htab· Oearly, the generated flow structures (hairpin-like 
vortices) penetrate beyond the existing turbulent boundary layer at· the same rate as the 
structures for the laminar case. This suggests that in either case the structure formation and 
· development processes are similar. This also indicates that the tabs have the ability to 
"reorganize" the impinging turbulent structures. 
In fluid mixing applications, this ability to redevelop and enhance turbulence is 
significant since the m·ajority of all real flows are turbulent. It is evident that the mixing of 
the fluid in a turbulent flow is enhanced with the addition of the VORTABS. 
3.4 Hot-Film Anemometry Results 
In order to gain an understandi~g of the velocity behavior downstream of the tabs, 
mean profiles _of velocity moments were determined at various streamwise and spanwise 
positions. The measurements were taken using the hot-film anemometry and data 
acquisition system described in section 2.4. A spanwise array of five tabs was used to assure 
a br9ad region of flow patterns between the inner and outer tabs. A schematic of this 
physical system is shown in Figure 3.27. Shown in Figure 3.28 is a diagram of .the tab 
configuration tested and the tab geometrical ~imensions (all five tabs were identical). All 
tests were conducted under identical flow conditions with U.=0.12 m/sec yielding a 
Reynolds number at the base of the tab of Re,= 1700 (&==1.5 cm). Mean velocity, turbulence 
intensity, flatness, and skewness profiles, and displacement and momentum thicknesses 
;., c' 
,:} 
were all established across the breadth and depth of the downstream boundary layer. 
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Comparisons are made with typical turbulent boundary layers to establish the similarities of 
the measured velocity with fully-developed near-wall _turbulent profiles . 
. 
r 
3.4.1 Mean Velocity Profile Characteristics 
·Figure 3.29 shows a series of three spanwise velocity distributions for Y = 0.35~ab 
(spanning three tabs) at three different streamwise positions. A rather good symmetry is 
demonstrated for each profile, indicating that the tabs produce symmetric, repeatable 
behavior. Because of this demonstrated symmetry'" it was only considered necessary to 
measure profiles spanning three of the tabs (instead of all five). 
For the X = 2~ab case, the profile illustrates three regions where the velocity 
decreases to a minimum. These minima occur in line with the center of each of the three 
. 
tab wakes (Z = 0, -11.75, -23.50 cm). Note that these minima are adjacent to a maximum 
value, resulting in a strong cross-stream gradient. As described earlier, there is a common 
upward motion on the symmetry plane of the tab wake due to the longitudinal vortices, 
which create an upswelling of low-speed fluid, reflected by th~ minima in the velocity 
'• 
profile. As shown, just outside this minima the velocity is essentially equal to the free-
stream velocity. As previously shown with hydrogen bubble visualization, this region also 
contains the legs of hairpin-like vortices. 
The rapid equilibration and smoothing of the velocity profile with increased 
streamwise distance from the tab is also evident in .Figure 3.29. For the X =20~ab position 
there is still a wavy non-uniformity, but of much smaller amplitude. The local velocities 
across the entire span are also lower than the free-stream velocity. This indicates that the 
initial flow structures have been dispersed broadly in the spanwise direction due to the 
initially intense mixing which yields a more uniform ;profile. By X . 40h,ab the profile has 
achieved a nearly constant value, indicating that the itow structures have essentially mixed 
out and dissipated. 
52 
-· . 
j 
I . 
V 
1 
l 
-
. 
,' 
Figure 3.30 shows velocity profiles plotted on bo~ linear and semi-log axes, 
~. .(_, 
---.._ 
measured at four streamwise locations on the tab centerline (Z=O). In each figure the x-
. 
I 
axis is· displayed in terms of the non-dimensional vertical· distance: 
u_ y 
Re --y Y· 
It is evident from these profiles that there are two distinct regions, for the X =2htab case, 
where the velocity reaches a relativeminimum and maximum. These regions are in the 
''·· 
vicinity of the hairpin-like vortices. At R~3500 there is a relative minimum which 
-
corresponds to the vortex core region. As discussed earlier, this region of a vortex is of l~w 
streamwise velocity, but concentrated vorticity. As will be shown later, this high-vorticity 
region produces high turbulence intensity. This region of the velocity profile eventually 
A flattens and approaches the free-stream velocity as shown by subsequent streamwise 
profiles. Figure 3.31 shows· comparable profiles measured between two adjacent tabs (Z = -
' 
5.87 cm) at three spanwise positions. This figure ·suggests that the profiles evolve into 
turbulent-like profiles, characteristic of a logarithmic· law-of-the-wall type equation: 
-u 
- - A log(Re,) + B u_ 
Figure 3.32 compares the velocity profiles taken at X = 40htab, both on the tab centerline and 
between. two tabs, with a turbulent boundary layer profile which was measured on the 
c~annel floor. A cylindrical rod was positioned in the converging section to trip the ', 
. boundary layer, and measurements were made at a distance of x=333 cm from the rod. The 
•, 
J; results indicate strikingly similar characteristics between the three profiles. All possess a 
clear logarithmic behavior (Figure 3.32(b)) and match very closely at higher values of Rey. 
These results suggest that the flow lstructures generated by the tabs produce characteristic 
turbulent velocity profiles in a relatively short distance (40 tab heights). Also of importance 
is that an array of tabs can be used to generate uniform cross•stream turbulence in the 
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same streamwise distance. This is supported by the nearly identical velocity profilss at Z = 0 
and -5.87 cm. As will be shown later, turbulence intensity and the integral properties at 
. 
I 
these positions also converge at X =40htab· 
Shown in Figure 3.33 are tab centerline velocity profiles (Z = 0) measured at four 
streamwise positions. For comparison, Figure 3.34 shows velocity profiles taken by Acarlar 
and Smith (1984) which illustrate the behavior of velocity profiles in the wake of a ·,, 
hemisphere (which consist of a street of periodically shed hairpin vortices). The two plots 
are strikingly similar. Both display a slow evolution of the profile to a turbulent-like 
logarithmic behavior, characteristic of the law-of-the-wall equation. In both plots, the 
relative minimum and maximum regions are apparent in the outer region of the boundary 
layer. As discussed by Cebeci and Bradshaw (1977), this is characterized as the outer region 
of the law-of-the-wall profile. This "curved" region is part of the hairpin vortex and is found • 
to occur in both the hairpin wake from a hemisphere and in the tab wake. Figures 3.33(a) 
and 3.34( a) both indicate a line almost parallel to the u/U. axis. At progressively greater 
streamwise distances from the tab (and hemisphere as well) there is a clockwise rotation of 
this "straight" section. According to Acarlar and Smith, secondary vortical structures 
interact with the hairpin structures to cause the eventual breakup of the hairpin structures. 
Undoubtedly a similar process occurs in the wake of the tabs. Apparently the hairpin and 
counter-rotating streamwise generate similar secondary vortical structures which contribute 
to the dissipation of these structures and help to create a homogeneous, turbulent-like 
behavior. 
3.4.2 Turbulence Intensity 
Turbulence intensities were established for four streamwise positions along the tab 
'" 
centerline as well as the region between two adjacent tabs. The turbulence intensity, which 
is a measure of magnitude of the velocity excursions from the mean, is expressed as either: 
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u' Turbulence intensity (%) - -=- x 100 
u 
I 
Turbulence intensity (%) - u x 100 
uw 
where u' is the RMS streamwisc velocity fluctuation, ii is the mean velocity, and Uao is the 
f rec-stream velocity. 
Figures 3.35 and 3.36 display turbulence intensity at Z = 0 (tab centerline) 
normalized on the mean velocity and the free-stream velocity respectively. Each figure is 
displayed in both linear and semi-log form. Figures 3.35 and 3.36 i.ndicate that the highest 
intensities occur for X = 2htab near the center of the hairpin-like vortex head region. The 
strong transverse rotation in this region results in high streamwise velocity fluctuations 
compared to both the local mean and the free-stream velocity (as shown in Figure 3.36). 
Also interesting to note is how this "kink" in the profile shifts to higher Rey values with 
increasing streamwise distances from the tab. This is the result of th. e outward migration 
.~ 
and dissipation of the original structure. As the structure moves away from the wall, it 
accumulates more fluid and also coalesces with other vortices, therefore becoming larger. 
In doing so, the flow becomes more uniformly mixed and the vorticity disperses. This is 
reflected by the deer.ease in turbulence intensity with increased streamwise distances from 
the tab. Note that the value of turbulence intensity very near the wall changes only 
moderately with streamwise distance. 
Figures 3.37 and 3.38 show the behavior of the turbulence intensity for flow 
between the tabs; in general, turbulence intensities increase in the streamwise direction. 
Figure 3.38( a) shows that at X = 2htab the intensities are quite ,low, and increase to roughly 
five times their original value by X = 20htab' and are even higher at X = 40htab· Figure 3.39 
compares the centerline and between-tab profiles with a turbulent boundary layer. For the 
55 
' l-·' 
,..-,..:f 
' .v ,.  
tab profiles there exists an extended region of higher intensity near the outside of the tab 
boundary layer, as well as slightly higher near-wall intensities. T~e similarity of the tab-
generated behavior and the turbulent boundary layer is quite marked - in essence almost 
· identical. This suggests that the tab profiles are decaying to basically turbulent boundary 
layer behavior, and in the near-wall region are essentially the same as that of a turbulent 
boundary layer. As shown earlier with ,the velocity profiles, the profiles for Z=O and ·5.87 
cm have converged to nearly the same values, indicating that the flow has thoroughly mixed 
in the spanwise direction to produce a uniform turbulent flow. 
3.4.3 Skewness and Flatness Profiles 
Skewness profiles are shown in Figure 3.41 for the three streamwise positions along 
the plane of symmetry of the center tab (Z = 0), as well as for a turbulent boundary layer. 
Skewness is a measure of how the velocity fluctuations vary from the mean flow, and is 
defined by 
1 ll 
- E <u1-ii>3. 
m...... n i-1 
\;),&l;wness - ------
, 1 D 3(1. 
- E<ui-u>2 
n i-1 
and reflects the symmetry of the fluctuations about the mean (i.e. zero skewness implies 
symmetry). 
Figure 3.41 shows that at streamwise positions closer to the tab there are more 
excursions greater than the mean velocity. Note that the higher values of skewness near the 
wan persist even at X = 20h1ah and X =40h1ab· This is an indication that there are still strong 
near-wall fluctuations even at greater streamwise distances, suggesting that the streamwise 
vortices still persist. However, at positions farther from the wall, the majority of the. 
fluctuations fall below t\;te zero .. axis indicating that more velocity excursions are less than 
.. 
the mean. Comparison to the turbulent profile demonstrates a very similar shape, although 
. ' 
'· 
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the turbulent boundary layer is thinner than any of the tab-generated disturbance 
thicknesses. 
Flatness profiles are shown in Figure 3.42 for the same three streamwise positions. 
The flatness, or Kurtosis, is a measure of how abrupt or "peaky" the velocity fluctuations 
are, and is defined by 
1 D 
- E <11i-ii>4 
n i-1 
Figure 3.42 indicates that the flatness maintains ll fairly 'constant value throughout the 
boundary layer until a marked increase near the outer edge is reached. As expected, this 
behavior is apparent at all streamwise locations. The tab-generated profiles also match 
( closely with the turbulent boundary layer profile. 
3.4.3 Boundary Layer Parameters 
The integral properties of displacement and momentum thickness were also 
examined. The displacement thickness, o *, for incompressible flow, is defined by 
6. - r·c1- u > dy .. rac1- u > dy Jo U Jo U 
- . 
and the momentum thickness, I) is defined by 
. 8 _ r· u ci- u > dy .. ,,, u <t- u > dy . 
Jo U U Jo U U · 
- - - -
Both o * and 8, calculated using as simple trapezoidal numerical integration scheme, are 
shown in Figure 3.43 for both Z = 0 and -5.87 cm. The displacement thickness is defined as 
the distance by which the external potential flow field is displaced outward as a 
.. 
consequence of a decrease in mass flow near the wall due to the development of a boundary 
layer. As shown in Figure 3.43, the displacement thickness actually decreases in the 
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streamwise direction for the centerline (Z = 0) case. This suggests that there is transfer of 
'.: 
higher niomentum fluid toward the wall with increased streamwise direction. For X :.e2~ab 
. 
I 
the high value of displacement thickness suggests that the region is momentum deficient, 
which it is (near separation region in the tab wake). The data presented for ·z = -5.87 cm 
(between the tabs) shows a gradual increase in both o • and 9 in the streamwise direction. 
By X =40htab the value of o • and 9 for the two spanwise locations have converged, which 
demonstrates that the flows have merged through spanwise mixing which has eliminated the 
initial spanwise inhomogeneity introduced by the tabs. 
:.""'·'' 
The momentum thickness, 8, is defined as a thickness proportional to the deficit in 
. 
momentum flux due to the presence of a boundary layer. As shown in Figure 3.43, the 
momentum thickness changes very little between X=2htab and X=20htab, and increases 
modestly to X =40htab· Evidently the momentum flux deficit in the streamwise direction 
remains almost constant, and then increases slightly. The constant thickness is characteristic 
of a wake flow, whereas the slow increase is more characteristic of a boundary layer. , 
Apparently the initial flow behind the tab behaves in a wake-like manner, recovering 
ta pidly to a boundary layer type flow. 
. d 
Shown in Figure 3.44 is the boundary layer shape factor, defined as: 
6* H--
8 
H is shown for both Z = 0 and -5.87 cm. For the centerline case at X = 2htab , H:::=2.4 which, 
according to Fox and McDonald (1985) and Schlichting (1979), is typical for either a 
turbulent boundary layer near separation or a laminar boundary layer. It then decreases to 
H~l.3 at X = 40ht,b which is typical for a low Reynolds number turbulent boundary layer in 
a zero pressure gradient. For the data between tabs, H~2.4 for X.=2htab and decreases to 1.4 
for X=40~ab· This value at X=2~ab is typical for a laminar flow with zero pressure 
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gradient. The value of .H at X.= 40htab is very ne-ar the value for Z = 0, which indicates that 
the flow is merging toward uniformity and has values consistent -~ith those of a .developed 
. 
' turbulent boundary layer. 
3.4.4 Velocity and Turbulence Intensity Contours 
Shown in Figures 3.45 and 3.46 are mean velocity and turbulence intensity contours 
in the y-z plane, obtained for a single tab at two streamwise positions. Figure 3.45 shows 
,.-•'· 
contours at X=2~ab and Figure 3.46 shows contours at X=15~ab. Because of symmetry, 
only one half of the tab was examined in detail. As seen in Figure 3.45(a), the outer 
contour line indicates the approximate edge of the boundary layer, 6 95• The difference 
between each successive contour is 10% of the free-stream velocity, U •. Note that the 
streamwise velocity decreases as it approaches the center of the vortex core where the () 
velocity is approximately 35% of the free-stream velocity. Also note the sharp corners in 
the contours near the bottom of the vortex. This illustrates that the streamwise vortex has a 
clockwise rotation and is acting as a suction mechanism inducing outer-region higher-speed 
fluid closer to the wall. This induction of high-speed fluid Jtelps to keep the boundary layer 
• 
attached and prevent separation. 
Figure 3.45(b) shows the distribution of turbulence intensity in the vortex. It is 
evident that the intensity is greatest in the vortex core region where the velocity excursions 
are highest. This plot shows information not discernable in the tab cent~rline turbulence 
intensity results presented in Figure 3.35. In that figure, maximum intensity values were 
found near the center of the heads of the hairpin-like vortex. Here, the maximum values 
occur near the center of the longitudinal vortex cores and are slightly greater than the 
intensities near the hairpin heads. This is an important point since it indicates that the 
concentrated vorticity in the longitudinal vortex core also contributes significantly to the· 
overall mixing process. Westphal et. al. (1985), have shown that turbulence levels are lower 
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than normal in the downwash region of a longitudinal vortex and higher in the upwash 
I 
. -. region. This is evidenced in Figure 3.45(b) since the turbulence intensities near the pl~ne of 
. 
I 
symmetry (Z = 0) are approximately 35%, whereas the regions in the downwash region 
(Z~4.0 cm) are roughly 5%, at the same vertical position . 
. 
Figure 3.46(a) shows how the structures have grown and moved away from the wall. 
The common upward motion at the center of the tab wake (Z = 0) aids in this advection 
away from the wall. Figure 3.46(b) shows that turbulence intensities have decreased in the 
vortex core region and are comparable to the intensities near the wall. This indicates that 
more thorough mixing is taking place, creating a more uniform distribution of velocity 
fluctuations. 
Figure 3.47 shows turbulence i_ntensity, normalized on the free-stream velocity, at 
X = 2htab and 15htab· At X = 2htab there are two regions where the intensity reaches a 
maximum. The outer "core" region (where u'/U.,=22%; z~2.5 cm) could possibly be caused 
by one of the legs of the hairpin-like vortex. This value of turbulence intensity matches 
closely with the values shown in Figure 3.36 for the centerline intensities in the hairpin 
vortex core region. There also exists another region towards the center region of the wake 
(~1.5 cm) where there is a core of high intensity and this is most likely due to the low-
speed, high-vorticity core of the streamwise vortex. Figure 3.47(b) shows how the intensities 
have reduced in magnitude and have become more uniform throughout the structure. 
Shown in Figure 3.48 is a combined presentation of the end-view mixing behavior 
created by the tabs (looking upstream). Figure 3.48(a) shows a s~mplified schematic of how 
fluid moves inward towards the center of the tab wake, gets entrained into the rotation of 
the longitudinal vortices, and then ejected upward along the symmetry plane. Figure 3.48(b) 
depicts the same velocity contour shown in Figure 3.45 with the other side. of the contour 
mirrored on the Z = 0 axis to display the velocity p·attem due to the· pair of counter-rotating 
vortices. Figure 3.48(c) shows an end-view hydrogen bubble photograph, shown originally in 
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Figure 3.8(b ), illustrating the two counter-rotating vortices. It is also apparent in this 
photograph that the .two regions of bubble concentration generally correlate with the lower 
. 
, 
velocities in the vortex core shown in Figure 3.48(b). 
3.5 Heat Trans£ er Effects 
Thermal tests were conducted in order to examine the effect of the tabs and the 
resultant induced mixing on surface heat transfer. Tests were conducted using an array of 
tabs to generate mixing over a non-uniformly heated flat plate. Results in terms of 
temperature reduction will be presented, along with the influence of the angle of 
inclination, a:, on the performance of the tabs. 
The test setup, as described in section 2.5, consists of a non-uniformly heated flat 
aluminum\late. The plate is heated with five resistors, each dissipating 15 Watts of power. 
Thermocouples were mounted directly to the resistor cases, which were located on the 
underside of the plate in order to not interfere with the air flow. The temperature of the 
· plate under the resistors was determined by measuring the temperature of the resistor case 
and subtracting the effect of the thermal interface resistance between the resistor and plate, 
. oc T-T R ( ) - r P 
cs Watt q 
where T Pis the temperature of the plate beneath the resistor, Tr is the temperature of the 
case of the resistor, and q is the heat dissipated by the resistor . 
. For the results presented below, Res was. measured prior to each test and was found to be : 
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/ 
\ 
oc 
R_ - 0.54 --
- · Watt 
.. --... -·• 
oc Tr-Tp - 15 Watts X 0.54 --
Watt 
TP -T, - 8.1 °C 
3.5.1 Temperature Results 
Temperatures across the entire plate were measured to determine the ~ffects of the. 
angle of inclination, a. An array of 3 spanwise tabs were used to obtain a significant plate 
temperature change. The tabs were arranged as shown in Figure 3.49( a) with the tip of each 
tab located at x=O. The dimensions of the tabs tested are shown in Figure 3.49(b). Angles 
tested ranged from 15° to 60° and were compared to a plate, under the same conditions, 
with no tabs. Figure 3.50 shows the results with the plate temperatures presented as a 
temperature difference between the plate temperature immediately above each resistor and 
the duct air inlet temperature. The results indicate that there is a proportional decrease in 
temperature rise with increasm.g tab angle. This continues until the tab angle reaches 
approximately 50° and then starts to increase again. From the data presented for a= 50°, 
there is roughly a 13% decrease in plate temperature (with tabs versus no tabs) at the heat 
source located at x=lO cm, falling to about 9% at x=25 cm. This difference can be 
attributed to a reduction in the near-wall turbulence intensity with streamwise distance, 
which reduces wall heat transfer with distance. 
·, 
The results indicate that at a= 60 ° there is enough air flow blockage to increase the 
temperature rise on the plate. Evidently this blockage causes a _drop in velocity over the 
leading portion of the plate which reduces the heat flux from the rest of the plate. These 
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results also indicate that at maximum Surf ace heat transfer occurs at an angle· of a= 50°. 
This compares favorably with the cross-stream penetration results presented in ·section 
3.3.la. H the results of Figure 3.14 were plotted without being normalized, the higher 
penetrations would occur for higher angles. Here, the near-wall activity of the flow is 
increased with a higher angle( a = 50 ° ) . These results suggest that cross-stream penetration 
and near-wall behavior of the flow may be related. 
Figure 3.51 shows the effects of air inlet velocity on the temperature rise of the 
plate. The results shown are for the same ~onfiguration described above, with the 
inclination angle fixed at a= 50°. Figure 3.51(a) shows that for an air inlet velocity of 
Uin = 2.0 m/s, there is approximately a 15% decrease in temperature differential near the 
center of the plate (x = 4h1.b) versus the plate with no tabs. In Figure 3.51(b) the inlet air 
velocity is increased to U;n=4.5 m/s. Here, the tabs reduce the temperature differential by 
approximately 16%. Since the heat transfer coefficient for flow over a flat plate increases 
with increased flow velocity, the temperatures of the plate decrease with higher inlet 
velocities. 
These results suggest that the tabs produce roughly the same heat transfer 
augmentation effects for a range of approach flow velocities. The results also indicate that 
heat transfer may improve somewhat for increased air velocities. As dis/ussed in Section 
3.3.lc, the cross-stream penetration in the wake of the tabs increased with higher velocities. 
Here, the surface heat transfer effects for higher inlet velocities are comparable with those 
at lower velocities, indicating the devices are effective through a range of impinging 
. ' . 
· ,velocities. 
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3.6 Summary of Results 
A. Hydrogen bubble visualization results ,indicate that: 
1) Distinct hairpin-like vortices are shed from the tip of the tab with characteristics 
similar to those of synthetically generated hairpin vortices. The head of the structure forms 
the outer portion of. the boundary layer and the legs of the structures surround the outer-
edge of the tab wake. 
2) The hairpin-like vortices coalesce with one another in the streamwise direction 
which causes the boundary layer to thiclcen. 
3) Counter-rotating streamwise vortices are generated by the tabs with a common 
up-flow center region . 
. 
B. Dye visualization results indicate that: 
1) Free-stream fluid is induced toward the wall as it flows over the tabs by the 
counter-rotating vortices. The fluid either continues to spiral into these vortices or is 
ejected outward into. the hairpin-like vortices. 
C. Wake penetration me~surement results indicate that: 
1) When normalized on the height of the tab, higher cross-stream penetration is 
experienced with smaller tab inclination angles. 
2) Lower cross-stream penetration was measured for tabs with an increased taper 
angle. The lowest cross-stream penetration was observed for a triangular tab. 
3) Cross-stream penetration for diff ererit sizes of tabs is essentially identical when 
normalized on the height of the tab. 
4) Higher approach flow velocities marginally increase cross-stream penetration of 
the wake. 
5) An in-line array of tabs produces higher cross-stream penetration than a 
staggered array of tabs. 
•''-
' 
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6) Laminar or turbulent approach flowsfresult in essentially the same degree of 
cross-stream penetration independent of the nature or thickness of the impinging boundary 
layer. 
D. Hot-film anemometry results indicate that: • 
1) The velocity profiles at X =40htab , both on the tab symmetry plane and between 
t·abs, demonstrate a general law-of-the-wall type profile, closely mimicking the behavior of. 
a typical turbulent boundary layer. 
2) The velocity profile behavior on the symmetry plane of the tab wake closely 
approximates the profiles for synthetically generated hairpin vortices. 
3) Turbulence intensities on the tab symmetry ~lane are greates.t in the region of 
the heads of the hairpin-like vortices (u' /u x 100 ~ 45% ). 
4) Similar to the velocity profiles, the turbulence intensity profiles at X = 40htab on 
the tab symmetry plane and between two adjacent tabs closely mimic a turbulent boundary 
layer. 
5) Tab centerline displacement and momentum thickness increase in the streamwise 
direction. At increased streamwise distances from the tab, the boundary layer shape factor, 
H, agrees with that of a zero pressure gradient turbulent boundary-layer flow. 
6) The vortex core region of the streamwise vortices generates high turbulence 
intensity (u' /u x 100 ~ 45% ). 
E. Heat transfer results indicate that: 
\ 
\ 
' I 
1) Tab inclination angles ·of cr-:30° -50° produce the greatest surface heat transfer , 
with 50° appearing to be most effective. 
2) Reductions in plate temperature of roughly 16% can .be obtained with a single 
row of three tabs mounted upstream of the plate. 
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Figure 3.1 Diagram of tab dimensional parameters. 
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Figure 3.2 Development of interacting structures in wake of tab. 
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Figure 3.5 Dual plan and side-view of hairpin-like vortex generation with bubble wire at 
X.i,,=2.0ht,b• Ywir,= 1.26b,1._, U.=6.76 cm/sec. 
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Figure 3.6 Schematic of development of hairpin vortices created by separation of flow over 
a hemisphere (Acarlar and Smith, 1984) 
71 
,. 
• 
' . 
TAB (IN BACKGROUND 
COUNTER-ROTATING 
STREAMWISE VORTICES 
HAIRPIN-LIKE STRUCfURE 
COMMON FLOW-UP REGION 
(FLUID RISES UPWARDS INTO HAIRPIN-LIKE 
snuCTIJRE) 
LEG OF HAIRPIN 
NEAR-WAI .I, FLUID IS SWEPT 
INWARD TOW ARDS CENIER OF 
TAB WAKE 
Figure 3. 7 End-view schematic showing movement of .fluid in tab wake. 
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(a) 
(b) 
Figure 3.11 Side-view comparison between hair-pin vortex and turbulent 
boundary layer patterns. (a) hairpin vortex generated from hemisphere protuberance. 
'. 
b) turbulent boundary layer. (Acarlar and Smith, 1984) 
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Figure 3.12 Side-view dye visualization sequence showing the direction of movement of fluid and mixing. u_=6.0 cm/sec 
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Figure 3.13 Side view of disturbances penetrating through hydrogen bubble sheet. 
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Figure 3.22 End-view schematic of vortex pairs being generated by two spanwise tabs. 
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4. CONCLUSIONS 
The flow structure and mixing effects of surface mounted vortex generating tabs' 
were examined using hydrogen bubble and dye visualization, and hot-film anemometry. The 
results of this research lead to the foil owing conclusions: 
1) Distinct hairpin-like vortices are geherated by the shear layers in the wake of the 
tab which amalgamate in the streamwise direction to aid in the cross-stream penetration of · 
the turbulent boundary layer. 
2) A pair of counter-rotating, common up-flow vortices are generated in the wake {,' 
of the device which facilitate transport of ~momentum fluid from the near-wall region of 
the boundary layer. 
3) Modifications to the geome~ry of the tabs indicate that the penetration of the 
boundary layer into the free-stream is greatest for smaller angles when normalized on the 
height of the tabs. There is also a marked decrease in the disturbance height as the tab 
taper angle increases such that the tab shape becomes triangular. This indicates that ~ 
hairpin-like vortices, formed th~ transverse shear layer generated by a broad-shaped tip, 
are instrumental in promoting enhanced mixing. 
4) In-line, rather than staggered arrays of tabs produce higher cross-stream 
penetration of the tab wake, indicating that the in-line arrangement facilitates flow 
structure reinforcement , and thus enhanced mixing. The staggered array of tabs produces a 
cancellation effect which impedes the cross-stream penetration. 
5) The various approach flow velocities tested indicate an increase in cross-stream 
penetration for higher velocities suggesting stronger vortex interaction throughout the 
boundary layer. Laminar or turbulent approach flows produce app.roximately the same 
measures of cross-stream pen~tration, indicating that the tabs reorganiz~, the turbulent 
boundary layer structures into new discrete structures. 
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6) Velocity profiles downstream of an array of spanwise tabs rapidly approach the 
properties of a turbulent boundary layer. This indicates that the amalgamation of the initial 
.-,ry. 
flow structures results in a rapid ~volution to turbulent boundary layer behavior. ~-e 
profiles both on the symmetry plane of ane tab and between two adjacent.tabs rapidly 
converge to a common logarithmic shape, indicating the rapid approach to spanwise 
. 
homogeneity in the wake of an array of tabs. 
7) The highest turb:lence intensity values are\neasured in the vicinity of the heads 
of the hairpin-like vortices and the core of the large _streamwise vortices. 
8) Heat tratis(er.Mudies indicate that surf ac~ temperature on a flat plate can be 
reduced as much as 16% by the presence of a single row of tabs. This demonstrates that 
. ' 
near-wall fluid interaction and enhanced cross-stream mixing are both related and 
augmented by the presence of the tabs. 
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APPENDIX A. Operation of the DISA 55D01 Anemometer 
I) Select suitable probe support and sufficient length of cable to reach 55001 main unit. 
II) ~ure resistance of cables and prh&~ leads. 
) 
1) lntert shorting probe into probe mount; do not place probe in water. 
u 
. 
2) Connect the coaxial cable from the probe into the anemometer PROBE jack. 
3) Make the following settings on the unit: 
A) METER SWITCH to 30 V. 
B) LOOP CONTROL to STD. BY. 
C) BRIDGE RATIO to 1:20. 
D)'LF GAIN ,to HIGH. 
E) all PROBE RESISTANCE decades to 0. 
F) TEMPERATURE-0-RESISTANCE toggle switch to neutral. 
~ G) INPUT BIAS to half-scale meter deflection. 
4) Adjust the PROBE RESISTANCE decades until the OUTPUT VOLTAGE meter 
shows little or no change when the probe.current is momentarily switched on by 
activating the TEMPERATURE-0-RESISTANCE toggle switch to RESISTANCE. 
5) This resistance reading is Rcable· 
111) Determine probe resistance. 
1) Remove shorting probe and insert hot film probe into support. To insure that the 
probe mount is water tight, rubber cement should be ap,plied to joints that 
submerged. 
are 
2) Ground probe support tube near the probe. This ground should also be attached 
to the channel cart, the anemometer unit, the computer, clnd the channel itself. All 
of these grounds should be attached to the laboratory ground using a braided 
ground cable. 
. ,-1 
.. ' .. 
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3) Pla-ce pro_be in channel. The water in the channel should be at the temperature at 
which experiments will be conducted. 
4) Repeat step 2c from above. 
5) This resistance reading is Rcabte+probe· 
IV) Set overheat ratio. 
' 
1) Using an overhea(ratio of 1.08 (from probe manufacturer fot room temperature 
conditions) calculate Rset: 
R. - l.08xRprobe + Rcabte 
where 
~ - Rcabie+prooe - Rc:able 
2) Using the resistance decades, set this value of Rset on the anemometer.(A 
schematic of a typical anemometer circuit is shown in Figure A.1.) 
• V) Connect anemometer to A/D converter. 
1) Connect cable from BRIDGE TOP on anemometer to A/D converter 
termination board. It is also necessary to divide the voltage before passing it to the I 
converter since .the maximum allowable voltage for the converter is 10 V. 
VI) Operation. 
1) Set LOOP CONTROL to INT.; keep this setting only as long as tests are to be 
,. 
run since this keeps the probe energized continuously. · 
2) Trigger computer to acquire data via data acquisition program. 
NOTE: It is recommended that the output of the anemometer be viewed on an oscilloscope 
to check for any irregular noise (?T possible probe deterioration . 
• 
!i 
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Figure A.1 Schematic of a typical anemometer circuit. 
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APPENDIX B. Operation of the Anemometry Data Acquisition Program 
I) After the steps in Appendix A have been followed, tum ON the computer and. change 
directory to DAS (Data Acquisition System) by typing: 
C:\>-CD DAS {ENTER} 
II) To run the program type ALT and hit enter: 
C:\DA~>ALT {ENTER} 
I 
NOTE: If it desired to run the program on a computer that does Iiot have an A/D 
converter, type: 
C:\DAS>ALT -C {ENTER} 
this will tell the program n9t to look for the A/D board and will allow one to use· 
all of the program functions except for data acquisition. 
III) Upon entering the program there will be a menu on the right-hand side of the screen 
with a number of choices. The steps listed below will outline the basic steps for starting a 
simple data-taking session. At the end of this outline a brief description of some of the 
additional options will be listed which the user may incorporate into his or her data 
reduction analysis. The instructions given below only pertain to the program in its present 
form. Revisions have been made to the program since the writing of this paper, but the 
basic operation of the prograni has not changed .. 
1) Set Parameters 
\ 
A) Hit F2 for PROGRAM PARAMETERS: 
i) A small menu will appear which displays several parameters which 
may or may not need to be changed. Fl displays 
1
the current 
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I) 
available memory (RAM): 'This should be checked after 
all parameters have been modified." 
ii) F2 tells the program what kind of calibration curve the data 
.. 
should be fit to. This option may be omitted for now, but will be 
described in Section 5.F. 
iii) F3 ( # CHANNELS) aIIows the user to specify how many 
( 
channels are to be used. For a single wire probe test, one channel 
would be sufficient although two should be chosen to allow for 
storage of spectral analysis data (see Section· 4A). The maximum 
number of channels that the A/D converter can use is four. 
iv) The ACTIVE CHANNEL is the channel in which parameters are 
\ 
J' presently being modified for. The CALIBRATION Flt,E-(eXplained 
,. . 
', 
below) should be changed in accordance with the ACTIVE 
CHANNEL. 
v) F5 displays the memory allocated to each. channel. This value 
must be greater than or equal to the number of points being read for 
each corresponding channel. 
B) Hit F3 for ACQUISITION PARAMETERS: 
i) This menu displays control parameters for the A/D converter. 
ii) DELTA is the time increment value between data point readings. 
The ACQUISITION TIME (F6) is the NUMBER ACQ PTS (F3) 
multiplied by the DELTA value: 
, \I 
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ACQUISlnON TIME - DPLTA X NO .. POINTS 
iii) The NYQUIST FREQUENCY, Nr, is a calculated value and is 
found from: 
N -NO. POINTS 
t -. 2 x ACQUISl110N TIMB 
iv) F7 tells the program if the data should be fed into a calibration 
curve before being saved. The option toggles between 9FF and 
AUTO. If the AUTO option is selected the program will feed all of 
,> 
the data· into the calibration curve described in Section 1.A and 5.F. 
. ' 2) Acquire and View Data 
A) Hit F4 to begin the data acquisition. 
B). Data will begin to be obtained for the total ACQUISITION TIME 
previously defined and a beep will signify that the acquisition is complete. 
C) When the data is taken it is stored in memory and a GRAPH MENU 
appears. Various self-explanatory options appear which allow the user to 
specify personal preferences for the appearance of the graph. There is also 
the capability to change either of the axes to a logarithmic scale as well as 
being able to zoom into a specific range of points. 
D) Upon exiting from data viewing, one can reexamine data by hitting FlO. 
This will display the same GRAPH MENU as described above. 
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3) Statistics·· 
A) Data statistics caitFe~ quickly calculated and displayed by hitting F6. 
i) Listed below are definitions for the parameters displayed in the .. .. 
STATISTICS window: 
1 D 
Mean value-ii-- E ui 
n i-1 
1 D 
RMS value- - E Dj2 
n i-t 
D 
E ( ui-u )2 
V • i-1 anance------
n-1 
Standard deviati~ a -
n-1 
Coeff of variation- ~ xlOO 
u 
1 n \ 
rfh Moment, U' r = -. E ( ui-u ) 1 
n i-1 
u· 4 Coeff of Kurtosis- --
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U' 3 Coeffof SkewneD- --
4) Spectral Analysis 
/' 
A) A SPECTRAL ANALYSIS can be performed by hi~ing F5. A menu will 
appear which displays four options: 
i) AUTOCQRRELATION (Fl) and AUTO SPECTRAL DENSITY 
(F3) are generally used for examining a single measurement. The F3 
option utilizes an FFT (Fast Fourier Transform) algorithm. 
ii) CROSS-CORRELATION (F2) and CROSS SPECTRAL 
' 
DENSITY (F4) are generally used for analyzing a pair of signals 
such as those obtained with a 2-wire probe. 
iii) Upon selection of one of the above options, another menu will 
·appear which asks for the input and output channels. If the NO. OF 
CHANNELS described in Section 1.A is gieater than one then the 
AUTO SPECTRAL DENSITY data, for example, can be sent to an 
unused channel. 
iv) When the transformation is complet.e, the GRAPH MENU 
described in Section 2.C will appear and the data can be viewed. 
B) PEAK DETECTION (F7) can be done on the transformed data. After 
picking a maximum amplitude value (threshold), all of the points with a 
., 
value equal to or greater than this threshold will be listed with the 
corresponding Nyquist frequency. 
131 
r 
' ' < C 
. I 
I 
• 
·, 
• 
) 
. . 
5) Additional Options 
A) SA VE DA 'l!A (F9) can be used to store the raw or calibrated data f o~ 
. . 
future analysis. Transformed data may also be saved using this option. 
B) LOAD DATA (F8) can be used to load in data that was previously taken . 
.. 
(Make sure that the channel memory allocated for this imported data.is 
large enough.) 
C) SYSTEM (ALT-Fl) allows the user to temporarily exit the·program and 
move to DOS. No data or parameters will b~ost. 
D) ENSEMBLE ~VERAGING (ALT-F3) allows the user to average two or 
-,_ 
',_ 
more groups of data. The option gives a menu which ~llow~,the user to 
enable or disable the averaging. It also allows for saving or retrieving an 
ensemble. 
E) CONFIGURATION (ALT-F4) giv~s the user the option of saving the 
previously defined parameters. This information can be put into a 
CONFIGURATION FILE which can be given any name, but must have a 
-
.SET extension. Then, upon entering the program, the configuration can 
automatically be loaded in by typing: 
C:\DAS>ALT FILENAME.SE'J' {ENTER} 
F) LOAD CALIBRATION (ALT-F5) allows the user to load a data file into 
the program so that the data can be fit to a calibration curve. The format of 
the data file must be as follows: 
. 
where n is the order of the polynomial and the a values are the 
coefficients, which corresponds to a polynomial of the form: 
'4 
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.~n example of a calibration file for a 4th order'j>olynomial curve fit 
• 1s: 
ca/file 4 -7.8824 7.74fl:4 -2.475 .21944 .015789 
i) As described in Section 1.A and 1.B the data can',, 
automatically be fed into a c~libr.ation curve. If 
CALIBRATION is set to AUTO in the ACQUISITION 
PARAMETERS (F3) section, then all acquired data will be 
1calibra ted. 
ii) If CALIBRATION is set to OFF instead, the data will only be 
calibrated by hitting CALIBRATE ACTIVE (ALT-F6). 
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